In plants, disease resistance mediated by the gene-for-gene mechanism involves the recognition of specific effector molecules produced by the pathogen either directly or indirectly by the resistance-gene products. This recognition triggers a series of signals, thereby serving as a molecular switch in regulating defense mechanisms by the plants. To understand the mechanism of action of the barley stem rust resistance gene Rpg1, we investigated the fate of the RPG1 protein in response to infection with the stem rust fungus, Puccinia graminis f. sp. tritici. The investigations revealed that RPG1 disappears to undetectable limits only in the infected tissues in response to avirulent, but not virulent pathotypes. The RPG1 protein disappearance is rapid and appears to be due to specific protein degradation via the proteasome-mediated pathway as indicated by inhibition with the proteasomal inhibitor MG132, but not by other protease inhibitors.
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avirulence ͉ cultivar ͉ programmed cell death ͉ Puccinia graminis P lants have evolved diverse mechanisms to recognize pathogen attack and trigger defense responses. Pathogen recognition specificity is often determined by a pathogen avirulence (Avr) gene and its corresponding plant resistance (R) gene in a gene for gene manner (1) . The R gene products may function directly or indirectly as receptors for the Avr gene products, providing detection of pathogen attack (2) (3) (4) (5) (6) . Avr proteins secreted from the pathogen are recognized by the R proteins either in the intercellular spaces or after their transport into the plant cell. The Avr-R interactions lead to activation of defense responses and often result in the hypersensitive response (HR) (1) , inhibiting the growth of the pathogen. In the absence of either the cognate R or Avr gene product, the pathogen colonizes the host and causes disease. Despite the cloning of several R genes and their corresponding Avr genes, direct physical interaction between matched Avr and R proteins has been shown only in a few cases. To exemplify, the Avr-Pita protein of the rice blast fungus Magnaporthe grisea encoding a metalloprotease is secreted with an N-terminal signal sequence. After delivery into the plant cell and removal of the proprotein sequence, the mature enzyme binds to the leucine-rich domain of the Pi-ta R protein and elicits the resistance response. This interaction was confirmed with the yeast two-hybrid system, with transient expression in rice seedling leaves of resistant or susceptible lines, by in vitro binding of the recombinantly synthesized Pi-ta protein to the Avr-Pita protein and by inactivation of either of the proteins through amino acid substitutions (7) . Direct physical interaction has been demonstrated for the tomato Pto R protein and the AvrPto gene product (2, 4) , the Arabidopsis RRS1 R and Ralstonia solanacearum PopP2 (8) , and between the flax R gene L6 with the corresponding Avr-L6 of Melampsora lini (9) . However, attempts with other R-Avr pairs have failed to establish a direct physical interaction. These observations led to development of the guard hypothesis. In this model, the R gene product acts as a sentinel of the cellular machinery, guarding key virulence targets inside the cell (10, 11) . The guard hypothesis proposes that the Avr proteins interact with and modify non-R cellular proteins. The R gene protein then perceives the altered status of the virulence target and induces a defense response.
Support for the guard hypothesis comes from comprehensive analyses of the molecular patterns of responses leading to resistance or susceptibility in different plant bacterial and fungal pathogen interactions (12) . A direct interaction of AvrRpt2 of Pseudomonas syringae pv. tomato with its cognate R gene product RPS2 of Arabidopsis could not be established. Instead, RPS2 interacts physically with the RIN4 protein of Arabidopsis. AvrRpt2 action results in degradation of RIN4 and activation of the RPS2 gene function (5, 13, 14) . In this way, RPS2 senses RIN4 levels and guards the role of RIN4 in plant cells. RIN4 is targeted and modified by two additional Avr proteins, AvrRPM1 and AvrB, from P. syringae that interact with the Arabidopsis RPM1 resistance gene (14, 15) . In this case, the Avr proteins induce phosphorylation of RIN4 by means of an unidentified kinase. This phosphorylation alters RIN4, and RPM1 detects the phosphorylated form of RIN4 and induces programmed cell death (PCD). RPM1 signals the downstream defense activities and is itself degraded by a yet to be identified mechanism (16) .
Arabidopsis resistance to P. syringae bacteria expressing AvrPphB is mediated by RPS5, an R protein with a nucleotidebinding site and leucine-rich repeats, and the protein kinase PBS1 (17, 18) . AvrPphB is a cysteine protease that autocleaves at a GDK triade and cleaves the PBS1 protein at the same triad, yielding a small C-terminal peptide (17) . This cleavage of the cellular target is required for the RPS5-mediated induction of the defense response. It was speculated that the cleavage fragment binds to RPS5 and must be phosphorylated because inactivation of the PBS1 kinase activity also inactivated its ability to elicit disease resistance. Thus the avirulence protein is detected by the plant by means of its enzyme activity.
The induction of PCD in resistant plants by AvrPto and AvrPtoB depends on Pto, an S/T kinase and Prf, a CC-NBS-LRR protein (19) . It was suggested that Prf may be the R gene product that responds to AvrPto/AvrptoB (20) . The kinase activity of Pto is required for the Avr-Pto, and Avr-PtoB induced PCD as well as signaling through the Pti proteins (20) . This suggests that the kinase activity of Pto generates a phosphorylated intermediate that could be a ligand for Prf. Recently, it was shown that Pto associates with a unique Prf N-terminal domain and resides in a high-molecularweight recognition complex. In this complex, both Pto and Prf contribute to specific recognition of AvrPtoB (21) .
The barley stem rust resistance gene Rpg1, confers resistance to many pathotypes of the rust fungus, Puccinia graminis f. sp. tritici (Pgt) (22) . It was cloned and shown to be a receptor-like S/T kinase with tandem kinase domains (23) . Whether Rpg1 fits into the receptor-ligand model or the guard hypothesis is not known, because the AvrRpg1 gene has not been identified. However, it is evident that the kinase activity of RPG1 is required, but not sufficient, for resistance (24) . So could RPG1 phosphorylation and/or proteolysis act as an initial signal in recognizing the avirulent fungus? If so, does it underlie the resistance or the susceptibility pathway? Experiments designed from these perspectives revealed that RPG1 disappears to undetectable limits only in infected tissues by a proteasome-mediated pathway, and this proteolysis occurs exclusively in response to the avirulent Pgt pathotypes. (25) . This time period covers germination of rust spores, growth of the germ tube, formation of appressoria, penetration pegs, substomatal vesicles, and haustoria (reviewed in ref. 25) . Judging from the results in flax rust pathosystem, this series of events coincides with the delivery of the avirulence protein (9, 26) . The beginning of PCD, visualized by cell necrosis, is also occurring in this time frame (27) . By using a quantitative ELISA test, the amount of RPG1 protein was determined in 10-day-old uninfected seedlings for six genotypes with different levels of resistance to pathotype MCC (Table 1) . RPG1 protein accumulation was greatest in the highly resistant cvs. Chevron and Q21861 and in GP/Rpg1T1, a transformant of cv. Golden Promise homozygous for one copy of Rpg1. The RPG1 protein also was present in the resistant and moderately resistant cultivars Morex and Beacon ( Table 1 ). The susceptible, neutron-induced deletion mutant rpr1 of Morex is a suppressor of Rpg1-mediated stem rust resistance, but has an Rpg1 gene that is expressed at the mRNA and protein level (28) .
Results

RPG1
The fate of RPG1 protein after infection by the rust fungus over a period of 36 h was tested with immunoblots and RPG1-specific antibodies (Fig. 1) . Surprisingly, the RPG1 protein disappeared to undetectable levels in the infected leaves between 20 and 24 h after infection (hai) in Morex and Beacon, whereas it persisted throughout the experiment in uninoculated lines (Fig. 1) . RPG1 disappearance was delayed (between 24 and 36 hai) in the highly resistant lines (Chevron, Q21861, and GP/Rpg1T1). This difference in the timing of the RPG1 protein disappearance may simply be a reflection of the quantity of protein present in these lines compared with the somewhat less resistant lines. The RPG1 protein in a susceptible accession containing the suppressor mutation rpr1 also disappeared [20] [21] [22] [23] [24] hai. An experiment designed to determine more precisely the time of RPG1 protein disappearance in cv. Morex showed that it was rapid and between 22-23 hai ( Fig. 1B; Table 1 ). These experiments were also repeated with quantitative RPG1 ELISA analyses, which showed similar timing of the RPG1 disappearance [supporting information (SI) Fig. 5 ].
To determine whether RPG1 was degraded by a protease that might generate small, discrete degradation products, a polyclonal antibody was generated against the full-length protein and used to repeat the experiments. No discrete degradation products were detected, and comparable results were obtained whether the assays were conducted with RPG1 antibodies to the peptide or full-length protein SI Fig. 6 ).
Although RPG1 degradation occurred rapidly throughout the inoculated leaf, the levels of RPG1 remained unchanged in the uninfected second or subsequent leaves (data not shown). Thus, RPG1 degradation is not systemic in the sense of spreading throughout the plant. The degradation of RPG1 is specific and not accompanied by general proteolysis of cell proteins demonstrated by assays of glutamate-1-semialdehyde amino transferase, glutamyl tRNA synthetase, and GST (Fig. 1C , rows 1, 2, and 3). The minor variation in the protein band intensity could be due to nonspecific protein degradation in the cells undergoing PCD.
To eliminate the possibility that the RPG1 protein degradation was a spurious result by proteases released from the plant or fungus during sample preparation, rust-inoculated and -uninoculated leaves were mixed before grinding and analyzed. The results substantiated that RPG1 present in the uninoculated tissue was not degraded during processing of the samples ( Fig.  2A) . Another possibility considered was that, upon infection with the rust fungus, the RPG1 protein becomes associated with the membrane and is precipitated during sample preparation. This possibility was eliminated by testing the microsomal fractions after disappearance of the protein from the supernatant. The results showed that the RPG1 protein was not present in these fractions either (data not shown).
Turnover and Conditional Degradation of RPG1. Three different types of cellular proteins can be distinguished: metabolically stable proteins, regulatory proteins that are rapidly turned over by active degradation, and conditionally degraded proteins. Although RPG1 in uninfected leaves was metabolically stable over several days, it was degraded within 24 hai with avirulent pathogens. To demonstrate that inhibition of protein synthesis is not responsible for the disappearance of the RPG1 protein, we used cycloheximide, an inhibitor of protein synthesis by cytoplasmic ribosomes. RPG1 accumulation was stable over 48 h in Morex seedling leaves vacuum infiltrated with cycloheximide (100 g⅐ml Ϫ1 ) (Fig. 2B) . The cycloheximide treatment, however, resulted in the complete disappearance of cytosolic nitrate reductase in 2 h (Fig. 2C) . In the absence of cycloheximide, nitrate reductase is stably maintained for at least 60 h under the experimental conditions used (29) . These comparisons classify RPG1 as an actively degraded protein after pathogen infection.
RPG1 Is Degraded in Response to Infection by Avirulent, but Not by
Virulent, Stem Rust Pathotypes. Barley is attacked by two closely related forma specialis (f. sp.) of Puccinia graminis: f. sp. tritici (the wheat stem rust fungus) and f. sp. secalis (the rye stem rust fungus) (30) . Cultures of each f. sp. were used to determine their effect on the degradation of RPG1. In Q21861 and Morex, the RPG1 protein was degraded between 20 and 28 hai with avirulent Pgt pathotypes MCC or SCCL-C7a, but not upon infection with virulent Pgt pathotype QCC or virulent Pg, f. sp. secalis isolate 92-MN-90 (Fig. 3A and B and SI Table 2 ). Puccinia striiformis f. sp. hordei (stripe rust), another species of Puccinia attacking barley, also was used to assess its effect on RPG1 degradation. Infection of Morex and Q21861 with the virulent stripe rust pathotype PSH-63 failed to elicit RPG1 protein degradation (Fig. 3C ). The results demonstrate that RPG1 protein degradation is a specific response to the interaction of the Rpg1 gene product with the specific AvrRpg1 gene product and not with other Avr gene products carried by other stem rust or stripe rust fungi.
RPG1 Degradation Is Correlated with Disease Resistance and Ubiquitination.
To determine whether RPG1 protein degradation is correlated with Rpg1-mediated stem rust resistance, we tested the transgenic, loss of function mutants K1 (KK152, 153NQ) and K2 (KK461, 462NQ) for RPG1 stability upon infection with the avirulent Pgt pathotype MCC. The K2 mutant has lost RPG1 kinase catalytic activity, whereas the K1 mutant retains autophosporylation activity (24) . Both mutants were susceptible to infection by pathotype MCC as demonstrated (24) , and the RPG1 protein was not degraded (Fig. 3D) .
As possible mechanisms for protein degradation, we tested proteasome-mediated proteolysis and the effect of a protease inhibitor mixture. Proteasome-mediated degradation would require ubiquitination of the barley RPG1 protein. Barley, as other plants, express a gene family of the 76-aa-long ubiquitin that is highly conserved and differs from animal and yeast ubiquitin only at 3 and 2 aa, respectively (31, 32) . Tagging of a protein with ubiquitin to mark it for degradation by the ubiquitin-activating, -conjugating, and -ligating enzyme complex is also highly conserved, as is the 26S proteasome organization and function. The ubiquitin enrichment kit (Pierce, Rockford, IL) was used to capture the ubiquitin-modified proteins from leaf extracts with an affinity resin containing a monoclonal antibody against ubiquitin. The eluted ubiquitinated proteins were separated by SDS/PAGE and detected with the RPG1-specific antibody on Western blots (Fig. 4A) . Results showed that the RPG1 protein is polyubiquitinated in all lines tested, except the K2 mutant and Golden Promise, which does not synthesize the RPG1 protein.
The amount of RPG1 polyubiquitinated is enhanced upon infection with the avirulent pathotype MCC, except in mutant K1 (Fig. 4A) . Ubiquitination of the kinase-negative RPG1 mutant K2 was not detectable in uninfected or infected samples. This suggests that phosphorylation is essential for ubiquitination and protein degradation. In the mutant K1, RPG1 kinase is active, and the ubiquitination level in the uninfected samples appears to be similar to the controls, but it does not respond to infection with increased RPG1 ubiquitination. This suggests that B C the pK1 domain controls the response to the pathogen-induced ubiquitination of RPG1 molecules. To further validate ubiquitination as the mechanism underlying the degradation of RPG1, we used the synthetic proteasome substrate benzyloxycarbonyl-L-leucyl-L-leucyl-L-norvaline 4-methyl-coumaryl-7-amide (MG132) to inhibit the proteasome activity. It targets the chymotrypsin-like activity of the catalytic subunits in the 20S proteasome channel. Alternatively, inhibition of RPG1 proteolysis was analyzed with protease inhibitor mixture P9599 (Sigma-Aldrich, St. Louis, MO). The results showed that RPG1 degradation was inhibited only in the presence of the proteasome inhibitor MG132 but not by the mixtures of protease inhibitors (Fig. 4B) . This is consistent with RPG1 protein degradation by the proteasome pathway.
Discussion
We have presented evidence that the Rpg1 gene product is rapidly degraded upon infection of the barley plant with avirulent pathotypes of the stem rust fungus Pgt. Infection with virulent stem rust (both Pgt and Pgs) and stripe rust cultures did not have a noticeable effect on the RPG1 protein. Thus, RPG1 degradation appears to be a specific reaction to the avirulent pathogen and presumably important in the defense signaling pathway and disease resistance. The role of RPG1 degradation in this disease resistance is underscored by the highly susceptible mutants K1 and K2 that do not degrade the RPG1 protein upon infection with the pathotype MCC, which is avirulent on wildtype Rpg1.
Two possible roles of protein degradation in disease resistance have been postulated, i.e., negative regulation of HR and removal of a negative regulator from an R protein complex. Negative regulation of HR was suggested as a possible explanation for the Arabidopsis RPM1 R protein degradation (16) . RPM1 degradation was coincident with the HR response, leading us to speculate that degradation of RPM1 may be how the cell controls HR lesion size and confines it to the site of infection. The mechanism of RPM1 degradation has not been resolved. The need to control HR is evident from necrotic mutants, such as the Arabidopsis lsd1, which exhibit spreading necrotic lesions suggesting that the wild-type gene controls the extent of HR (16, 33) . The observation that RPG1 degradation does not radiate to the uninfected leaves of the infected plant tends to support this argument. However, in our case, the RPG1 degradation seems to occur Ϸ10 h before visible HR and thus may not be the factor that limits HR (27) .
Another possibility is that RPG1 degradation initiates the disease resistance-signaling pathway either by removing a negative regulator from the R protein complex or by actively initiating the signaling pathway just before degradation perhaps by phosphorylation triggered by the interaction with AvrRPG1. We know that the absence of RPG1 is not sufficient to activate the R protein complex because commercially viable barley cultivars exist that do not produce the RPG1 protein or any cross-reacting material (34) . Another possibility is that the degradation of RPG1 releases a peptide that is the real initiator of the disease resistance response. In the PBS1 case, as with RPG1, degradation and phosphorylation are both correlated with disease resistance. However, we have not detected a retained peptide in the degradation process by using antibodies directed either against an RPG1 peptide or against the whole protein. Nevertheless, this possibility cannot be excluded as illustrated by the case of RIN4 degradation by the Pseudomonas syringae effector AvrRpt2, where a small (Ϸ6.4 kDa) membraneembedded fragment is retained, whereas the rest of the molecule is eliminated by the proteasome pathway (35) . RIN4 has been implicated as a negative regulator of disease resistance by knockdown mutants that show constitutive activation of defense responses (14) .
The ubiquitin-proteasome pathway mediates specific degradation of regulatory proteins and plays an important role in controlling a variety of cellular functions (36) . Degradation of a protein by the ubiquitin system involves two distinct and successive steps: covalent attachment of multiple ubiquitin molecules to the target protein and degradation of the tagged protein by the 26S proteasome. Conjugation of ubiquitin to the substrate proceeds through the action of three enzymes; ubiquitinactivating enzyme E1, ubiquitin-conjugating enzyme E2, and ubiquitin-protein ligase E3 (36, 37) . Ubiquitination specificity seems to be determined by the ligase E3 and by posttranslational modification, such as phosphorylation, of the target protein. The human Janus kinase JAK2 has been shown to be specifically polyubiquitinated and degraded after phosphorylation of the Y1007 residue (38) . Janus kinases are relevant to our studies because, like RPG1, they are tandem kinases with one functional and one pseudokinase domain (39) .
We have shown that the elimination of RPG1 is correlated with ubiquitination and the requirement of the chymotrypsinlike activity of the catalytic subunits in the 20S proteasome channel (40) . Among the E3 ligases that bind the protein to be ubiquitinated, there is one family that recognizes substrates according to the end rule, preferring proteins with basic residues at the N terminus such as R, K, and H (40), often after removal of the N-terminal methionine. It is interesting that the N terminus of RPG1 is M-M-V-R. Thus, the E3 specificity may identify the family of genes to be degraded, whereas phosphorylation of specific residue(s) targets it for degradation. The K2 mutant RPG1 with KK461, 462NQ substitutions in the kinase ATP anchor is no longer an active kinase, does not provide resistance to stem rust, fails to undergo polyubiquitination, and is not degraded upon infection with an avirulent rust pathotype (Figs. 3D and 4A) . The sister mutant K1 with KK152, 153NQ substitutions in the region homologous to the K2 mutant main- tains kinase activity, but is not degraded and cannot provide resistance to stem rust (Figs. 3D and 4A) . In uninfected controls, the K1 mutant RPG1 protein undergoes a basal level of polyubiquitination similar to the uninfected controls Morex and GP/Rpg1T1. However, it does not respond to stem rust infection by ubiquitinating increasing numbers of RPG1 molecules (Fig.  4A ). These results, and similarity to the Janus kinases, suggest that the pK1 pseudokinase domain acts as a regulator of the pK2 domain and transmits signals from external sources to the pK2 domain.
The Rpg1 suppressor line rpr1 is susceptible to pathotype MCC but still degrades its RPG1 protein upon infection. Thus, the RPG1 protein degradation is not sufficient for disease resistance. The rpr1 mutant probably affects a downstream step essential for the Rpg1-mediated disease resistance signaling (28) . The degradation of RPG1 occurs at about the time of haustoria establishment in the infected tissue, Ϸ16-30 hai. Based on the work with flax rust (9, 26) , it is reasonable to believe that synthesis and delivery to the host cell of the avirulence protein occurs in the haustoria. Therefore, the degradation of RPG1 is coincidental with interaction of the hypothetical AvrRPG1 effector.
In summary, RPG1 degradation in response to avirulent rust pathotypes and ability to phosphorylate are both associated with disease resistance, and neither by itself is sufficient. The model that we currently favor is that phosphorylation targets RPG1 for degradation. The degradation process, or products, activates the signaling pathway that results in disease resistance. Alternatively an autophosphorylated RPG1 fragment survives the degradation process long enough to initiate the downstream resistance signaling cascade.
Materials and Methods
Plant Materials. Barley lines for the quantification and turnover experiments were grown in growth chambers in plastic pots containing potting mix with a day and night temperature of 21 Ϯ 1°C and 18 Ϯ 1°C, respectively and with a 16-h photoperiod provided by cool fluorescent tubes (525 E/m 2 s).
Antibody Production. Polyclonal antibody was raised in rabbits by Alpha Diagnostics (Austin, TX) against an RPG1 synthetic peptide NKLTATPLEEKSRSC, representing residues 834-848 (24) . Antibody against the full-length recombinant RPG1 with a C-terminal His-tag (24) was raised at Washington State University in New Zealand White rabbits with RIBI Adjuvant (Corixa, Hamilton, MT). Rabbit anti-GST antibody was purchased from Bethyl Laboratories (Montgomery, TX). Antibodies against nitrate reductase, glutamate-1-semialdehyde aminotransferase, and glutamyl tRNA synthetase have been described (29, 41, 42) .
Quantification of RPG1 by ELISA. RPG1 protein levels were quantified by ELISA (43) by using RPG1 specific polyclonal antibodies. Approximately 200 mg of 10-d-old barley leaves were ground in 400 l of the extraction buffer and spun at 15,300 ϫ g for 5 min. Approximately 200 l of the supernatant was coated onto ELISA plates and incubated at 4°C for 12 h. The supernatant was discarded, and the wells were washed three times with PBS containing Tween 20 (PBST) and refilled with Ϸ200 l of the cross-absorption antiserum buffer prepared from Golden Promise. To prepare the cross-absorption antiserum, Ϸ200 mg of Golden Promise lacking the RPG1 protein (34) , leaves were ground with 400 l of antiserum buffer and spun at 15,300 ϫ g for 5 min. The supernatant was mixed with affinity-purified RPG1 antisera at 1:500 dilution and used as the cross-absorption antisera. The plates were incubated for 4 h at room temperature on moist paper towels. The wells were washed three times with PBST, 200 l of the goat anti-rabbit IgG-horseradish peroxidase conjugate was added, and the wells were incubated for 2 hours. The wells were washed five times with PBST and allowed to dry on clean paper towels. One hundred microliters of TMB (3,3Ј,5,5Ј-tetramethyl benzidine) substrate was added per well, and the color development was measured at 405 nm by using an ELISA plate reader (Bio-Rad, Hercules, CA). Purified RPG1 protein or the peptide used to develop the antibody was used to construct a standard curve for ELISA quantification. Golden Promise was used as a negative control. Morex and Q21861 seedlings also were inoculated with stripe rust (P. striiformis f. sp. hordei) race PSH-63. Uredinospores were mixed with talc (Sigma, St. Louis, MO) at a 1:20 ratio and spread on the leaves. The inoculated plants were kept in a dew chamber at 10°C in the dark for 24 h and then transferred to a growth chamber at a diurnal temperature cycle gradually changing from 4°C at 2 a.m. to 20°C at 2 p.m. with a daily 16-h photoperiod. Samples were collected 28 hai and phenotyped at 21 dai.
Immunoprecipitation. Approximately 200 g of leaf tissue were ground in 500 l of ice-cold extraction buffer [0.5 M sorbitol, 50 mM Tris⅐HCl (pH 7.5)/ 10 mM MgCl 2 /1 mM DTT]. Cell debris was removed by centrifugation at 15,300 ϫ g for 10 min, and total protein remaining in the supernatant was quantified by a dyebinding assay according to the manufacturer's instruction (BioRad). For immunoprecipitation, 500 g of total protein was combined with 30 l of affinity-purified antisera in extraction buffer and 500 l of 2ϫ immunoprecipitation buffer (1M KCl/0.02M EDTA/2 mM PMSF) and rotated end-over-end at 4°C for 12 h. Protein A-agarose (30 l) was added and incubated on ice for 1 h to precipitate the immunocomplexes, which were collected at 15,300 ϫ g. Immunocomplexes were washed four times with 1 ml of ice-cold immunoprecipitation buffer, resuspended in 30 l of Laemmli sample buffer (44) , boiled at 95°C for 3 min, and analyzed by SDS/PAGE. The immunoprecipitation of the RPG1 protein was used to concentrate the protein and enable visualization of possible breakdown products.
Proteins were electroblotted to PVDF membranes and blocked in TBST [20 mM Tris/500 mM NaCl/0.1% Tween-20 (pH 7.5)] containing 10% nonfat dry milk. The blots were reacted with the primary antibodies for 12 h at room temperature. Horseradish peroxidase-conjugated secondary antibodies were diluted 1:10,000 (Alpha Diagnostics). Bands were visual-ized with Nu Glo-chemiluminescent detection system according to manufacturer's directions (Alpha Diagnostics).
Enrichment of Ubiquitinated RPG1 from Barley Plants. Morex, GP/ Rpg1T1, K1, and K2 mutant seedlings were infected with Pgt pathotype MCC and sampled at 28 hai. Uninfected samples were used as controls. Extracts were prepared by grinding 200 mg of leaf tissue in 500 l of ice-cold extraction buffer devoid of DTT [0.5 M sorbitol/50 mM Tris⅐HCl (pH 7.5)/10 mM MgCl 2 ). Cell debris was removed by centrifugation at 15,300 ϫ g for 10 min, and total protein remaining in the supernatant was quantified by a dye-binding assay (Bio-Rad). For enrichment, Ϸ500 g of the total protein was suspended in TBS in a 1:1 ratio, mixed with 20 l of polyubiquitin affinity resin (Pierce, Rockford, IL), incubated by rotation end-over-end overnight at 4°C, and washed three times with a 1:1 mixture of TBS and the extraction buffer devoid of DTT in a spin column provided by the manufacturer. The ubiquitinated proteins were then eluted by boiling in Laemmli buffer and subjected to SDS/PAGE and Western blotting. The enriched proteins were visualized by using RPG1-specific antisera by a chemiluminescent method according to the manufacturer's directions (Alpha Diagnostics).
Ubiquitin Inhibitor and Plant Protease Inhibitor Experiments. Tenday-old cv. Morex plants were infiltrated with either 100 M MG132 (Sigma-Aldrich) or a mixture of plant protease inhibitors (Sigma-Aldrich) dissolved in DMSO. The protease inhibitor mixture contains the following: 4-(2-aminoethyl) benzenesulfonyl fluoride targeting serine proteases; bestatin (3-amino-2-hydroxy-4-phenylbutanoyl-L-leu) inhibiting aminopeptidases; pepstatin A targeting aspartate proteases; leupeptin (propionyl-L-leu-L-leu-arginyl) inhibiting serine and cysteine proteases; transepoxysuccinyl-L-leucylamido (4-guanidino) butane targeting cysteine proteases, and 1,10-phenanthroline inhibiting metalloproteases. The plants were dried for 4 h and then inoculated with Pgt. pathotype MCC and sampled at 28 hai and subjected to immunoprecipitation and subsequent Western blot analysis with RPG1-specific antisera.
